Sensor histidine kinases of two-component signal-transduction systems are essential for bacteria to adapt to variable environmental conditions. However, despite their prevalence, it is not well understood how extracellular signals such as ligand binding regulate the activity of these sensor kinases. CitA is the sensor histidine kinase in Klebsiella pneumoniae that regulates the transport and anaerobic metabolism of citrate in response to its extracellular concentration. We report here the X-ray structures of the periplasmic sensor domain of CitA in the citrate-free and citrate-bound states. A comparison of the two structures shows that ligand binding causes a considerable contraction of the sensor domain. This contraction may represent the molecular switch that activates transmembrane signaling in the receptor.
Introduction
Bacteria respond efficiently to a large number of changes in their environment with the help of signaltransduction systems. For a plethora of signals, this adaptability is mediated by two-component regulatory systems. 1 Generally, these two-component systems (TCSs) consist of a sensor histidine kinase (HK) and a response regulator (RR) protein. Class I HKs 2 are usually homodimeric membrane proteins. Each monomer contains a short N-terminal cytoplasmic domain followed by a transmembrane α helix and a periplasmic sensory domain that is connected via a second transmembrane α helix (TM2) to the cytoplasmic C-terminal HK domain. 3 The HK domain is itself composed of a catalytic domain and a dimerization domain, and extracellular signals trigger transphosphorylation of a specific His residue on the dimerization domain. The phosphoryl group is then transferred to an Asp residue on the N-terminal receiver domain of RR, resulting in a cellular response via its C-terminal effector domain. The sensory domain shows extremely low sequence similarity among different two-component sensory systems. However, in all structures solved so far, either cytoplasmic or periplasmic, these domains belong to the α/β protein class and most of them belong specifically to the Per-Arnt-Sim (PAS) domain superfamily, 4-7 based on three-dimensional fold comparisons.
The sensor HK CitA of Klebsiella pneumoniae forms a TCS with the RR CitB. This system is essential for the induction of citrate fermentation genes under anoxic conditions in the presence of environmental citrate. 8 These genes, which are organized on a gene cluster, 8, 9 are tightly regulated, as they have immediate influence on central metabolic pathways. Therefore, although this TCS is nonessential, erroneous signaling by CitA/CitB could inhibit growth of K. pneumoniae. 9 Thus, CitA, like sensor HKs of other pathogenic bacteria, is a potential therapeutic target, in particular because no TCS has as yet been identified in mammalian genomes.
Ligand binding to the periplasmic sensory domain of sensor HKs constitutes the trigger for subsequent transmembrane signaling events, leading to quaternary structural changes within the dimer and ultimately to HK autophosphorylation in trans. Understanding ligand binding on the atomic level is therefore a key requirement to gain insight into the nature of the associated conformational changes and the mechanism of signal transduction to the cytoplasmic kinase domain. Citrate binds to the recombinant sensory domain of CitA (CitAP) with high specificity. 10, 11 The structures of both the ligand-free and ligand-bound states are required to obtain insight into the coupling of ligand-induced conformational changes with the signal-transduction mechanism for a specific sensor domain. However, for CitA and for most other sensory HKs studied to date, the structure of only one binding state of their sensory domain is available, 6, 7, 12 preventing solid mechanistic interpretations. Recently, the signal-transduction mechanism of the sensor kinase complex LuxPQ has been elucidated. 13, 14 The LuxQ HK is regulated by the periplasmic protein LuxP, which undergoes a major conformational change upon binding the ligand AI-2. As a result, the dimeric (LuxPQ) 2 switches from a symmetric state to an asymmetric dimer, where one LuxP molecule interacts with both LuxQ periplasmic domains, while the second LuxP molecule contacts only one of the LuxQ domains.
Citrate sensing by the CitA periplasmic domain does not require complex formation with another protein. Therefore, signal transduction in CitA must employ a mechanism unrelated to the ligand-induced asymmetry mechanism of LuxPQ. The available citrate-bound CitAP structure (Protein Data Bank code 1P0Z) shows the typical PAS domain fold and a dimerization mode with a highly suggestive clustering of the membrane attachment points 6 that fits structurally to the dimeric model of sensory HKs. In addition to citrate, several metal centers have been modeled in this structure: a putative Na + in the neighborhood of the citrate-binding pocket, a MoO 3 group coordinated by citrate and a Mo 7 O 24 cluster near the N-and C-termini. Although citrate frequently acts as a metal chelator in biological systems, a role for molybdenum in citrate transport and metabolism has not been described; thus, the presence of MoO 3 in the binding site may represent a nonphysiological interaction. Therefore, we aimed to not only solve the structure of citrate-free CitAP but also obtain a citrate-bound structure in the absence of molybdenum. In this article, we describe the structures of citrate-bound, molybdenum-free CitAP and citrate-free CitAP. Comparison of these two structures clearly reveals a fundamentally intramolecular conformational trigger for transmembrane signaling across the membrane in response to citrate binding.
Results and Discussion

Structure of citrate-bound CitAP
A systematic search for molybdate-free crystallization conditions of citrate-bound CitAP resulted in crystals that diffracted to about 1.6 Å. The structure was solved by multiwavelength anomalous diffraction (MAD) phasing using data from a single Se-Met crystal. There are two monomers in the asymmetric unit [citrate-bound A (residues 4-132) and citratebound B (residues 6-129)] that form a dimer. Structurally (Figs. 1a and b) , each monomer has a PAS domain fold. Citrate is bound by hydrogen bonding to the side chains of Thr58, Arg107, Lys109 and Ser124 from the β-sheet, to the side chain of Ser101 and the backbone carbonyl of Leu102 on the minor loop (residues 96-106) and to the side chains of Arg66 and His69 from the major loop (residues 63-92) of the structure (Fig. 1c) . The major loop and the minor loop close the binding pocket, forming a tight lid over the bound citrate (Figs. 1a and c) . The N-terminal region of CitAP has a helical conformation from residue 7; in the C-terminal region, there is a 3 10 helix from residues 129 to 131 (monomer A). Several lattice contacts are made by the N-terminal residues, and the conformation of both termini may be altered by attachment to the transmembrane domains, so caution is advisable in interpreting the finer structural details of this region.
A superposition of citrate-bound A with monomer G in 1P0Z (Fig. 1d) The secondary structural elements, major loop residues and minor loop residues are highlighted in blue, bound Na + is highlighted in green and the bound citrate is in stick representation. (b) Topology diagram generated by TOPS 15 of citrate-bound A. Circles symbolize α helices, and triangles are β-strands running roughly perpendicular through the plane of the page. Connecting segments penetrating into the symbols pass above the plane, while those stopping at the boundary of the symbol pass below it. H6 is the C-terminal 3 10 helix that is absent in citrate-bound B. (c) Citrate-binding site and residues involved in binding citrate. (d) Superposition of 1P0Z (differences are shown in dark blue) on our citrate-bound structure (differences are shown in yellow). Citrate is shown in stick representation (yellow: new structure; blue: 1P0Z). MoO 3 near the active site and bound Mo 7 O 24 near the N-and C-termini of 1P0Z are shown in stick representation. (e and f) Experimental maps contoured at 1 σ (e) along the minor loop residues (blue) and citrate (green) in the citrate-binding site and (f) along the major loop residues (blue) and citrate (green) in the citrate-bound form.
cluster in 1P0Z, the N-and C-termini of both structures deviate substantially (Fig. 1d) 2a) and is predominantly monomeric, in line with gel filtration data. 6 Of 129 possible spin systems, 101 could be identified in the spectra, of which 100 were assigned using triple-resonance spectra. Undetectable residues were mainly located in the N-terminal dimerization helix, the loop connecting helix H3 and the first β-strand S1, and in the minor loop (residues 96-106), connecting β-strands S3 and S4. C α /C′ secondary chemical shifts were in agreement with the secondary structure observed for citrate-bound CitAP in the crystalline environment ( 
Dimerization
The dimeric state of HKs is thought to be the competent form for signal transduction. 3 In our citrate-bound CitAP crystal structure, a dimer is found in the asymmetric unit (Fig. 3a) . Helix H1 forms a central parallel bundle involving residues 11-27, with helix H3 (residues 48-51) packed against them on either side (residues 21-25) (Fig. 3b) . This dimerization mode results in a tightly packed dimer with an interface covering 2123 Å 2 of accessible surface area. The interface is not predominantly hydrophobic, pointing towards a dynamic character of the interaction between both CitAP domains. The GJ-type dimer in 1P0Z is far less tightly packed, with an interface of only 1415 Å 2 . The interface of this dimer is strongly hydrophobic (Supplemental Figs. 1a and b). Thus, despite high structural similarity between the core domains of the monomers, the dimerization modes in our new citrate-bound CitAP structure and in the GJ-type dimer from 1P0Z are very different in size and nature. Given the more extensive interface observed, our citrate-bound dimer is more likely to represent the physiological association.
Structure of citrate-free CitAP and comparison with the citrate-bound structure
The structure of citrate-free CitAP was determined to a resolution of 2.0 Å from a merohedrally twinned crystal (Fig. 4a ). There are two monomers in the asymmetric unit. We could not identify an ordered Na + ion. In monomer A, residues 4-130 were traced, except for the major loop (residues 68-89). In monomer B, residues 4-128, except for most of the major loop residues (69-88), were traced. Both monomers are structurally very similar (r.m.s.d. = 0.342 Å).
The absence of clear electron density for the major loop residues suggests that this region has high mobility in the absence of citrate. Support for this view also comes from NMR data of citrate-free CitAP. Strong line broadening was observed, and only 80 of the 129 expected backbone 1 H/ 15 N signals were observed (Fig. 4b ). In particular, NMR signals for residues in the major loop and in strands S1, S2 and S3 were broadened beyond detection by chemical exchange intermediate on the NMR time scale (Fig. 4c) . For residues at both ends of the major loop (that were still observable in the citrate-free state), heteronuclear 1 H/ 15 N NOE values indicated that pico-to-nanosecond dynamics were also increased (Fig. 4e) . These data suggest that the major loop residues of citrate-free CitAP exchange between multiple conformations in solution. Notably, at the C-terminus, residues 129-131 also show strong changes in 1 H/ 15 N chemical shifts (Fig. 4c) , have a lower propensity to form an α-helical structure (Fig. 4d) and are more flexible in the citrate-free state (Fig. 4e) .
The core structure of citrate-free CitAP is similar to our citrate-bound structure (Figs. 5a-c). Citrate-free monomer A has an r.m.s.d. (main chain C α atoms only) of 1.06 Å in the central five-stranded core β-sheet region when superposed on citrate-bound monomer A. Similarly, the positions and side chain orientations of the citrate-binding residues located in the core domain (Thr58, Ser124, Arg107 and Lys109; Fig. 5c ) hardly change between citrate-bound CitAP and citrate-free CitAP. The rotamers of Thr58 and Ser124 are the same. Arg66 and His69, which both interact with citrate in the ligand-bound structure, cannot be localized in the ligand-free structure because they form part of the major loop that appears disordered in the absence of this interaction.
Furthermore, the r.m.s.d. of main chain atoms is significantly higher in the minor loop region (4.76 Å) than in the core (Figs. 5a and b) . In part, this is because the central five-stranded antiparallel β-sheet is significantly less bent in the citrate-free state than it is in the citrate-bound state (Fig. 5a ). In addition, the minor loop itself undergoes a structural rearrangement. In the citrate-bound state, it forms a typical type I β-turn from Gly100 to Gly103. Residues Gly103, Ser104 and Ser105 also form a γ-turn with a weak hydrogen bond between the main chain carbonyl of Gly103 and the main chain amide of Ser105 (Fig. 5d ). In the ligand-free structure, the weaker bend of the β-sheet results in the loss of this γ-turn and the type I β-turn in the minor loop rearranges into a type II β-turn (Fig. 5e ). This is remarkable because the position of Leu102 is nearly always occupied by a Gly residue in this type of β-turn. 16 In view of the involvement of the Leu102 backbone amide in citrate binding (Fig. 5c) , the switch between type II β-turn and type I β-turn is probably of functional relevance. The side chain of Ser101 is also involved in citrate binding (Figs. 1c and 5c ), providing an additional stereochemical connection between ligand binding and conformational change. As a result of these changes, the C α of Ser101 at the tip of the minor loop has moved by a total of 13.54 Å away from its position in citrate-bound CitAP (Figs.  5a and c) .
Changes in the minor loop are coupled to the C-terminus of the domain, which also exhibits a higher C α r.m.s.d. than the core (1.93 versus 1.06 Å). As mentioned above, the widening of the γ-turn between Gly103 and Ser105 accompanies the transition from the strongly bent β-sheet of ligand-bound CitAP to the ligand-free form. In parallel, the peptide bond between Ile129 and Glu130 of β-strand S5 flips between ligand-bound CitAP and ligand-free CitAP (the dihedral angles ϕ and ψ of Ile129 are − 57.1°and − 40.1°in the ligand-bound state and − 124.2°and 99.5°in the ligand-free state, respectively). Taken together, these structural changes allow the formation of an additional hydrogen bond between the Ser104 backbone amide and the Ile129 backbone carbonyl (Figs. 5d and e) . The typical β-sheet-type backbone hydrogen-bonding pattern between strands S4 and S5 is thereby extended by one more hydrogen bond upon transition from the ligandbound form to the ligand-free form of CitAP.
NMR residual dipolar couplings (RDCs) are exquisitely sensitive to bond vector orientations 17 and are therefore uniquely suited for characterizing bending of β-sheets and α helices. For identical structures in solution and in the crystal, one can therefore expect an excellent fit of RDCs measured in solution to those parts of a given crystal structure for which experimental RDCs are available. It has also been observed that the quality of the fit of the RDCs decreases with decreasing quality of the structure. To this end, we measured and could observe onebond NH RDCs for 62 residues in citrate-bound CitAP. For citrate-free CitAP, RDCs could be reliably determined only for 32 residues due to the less complete assignment and the increased line broadening. The subset of residues for which RDCs could be observed in both citrate-free CitAP and citratebound CitAP comprised 26 residues (of the 32 observed for citrate-free CitAP). These 26 residues were mainly located in those parts of the structure that did not change strongly between the free and bound crystal structures and where the differences between these two structures were minimal. Only for citrate-bound CitAP were RDCs also observed in those regions that changed structure between free and bound states. The 62 RDCs observed for citratebound CitAP fit very well with RDCs backcalculated from the bound crystal structure, with a Pearson's correlation coefficient (R) of 0.97, but very badly (R = 0.69) to the free CitAP structure (Supplemental Fig. 2) . 18 This indicates that in solution, in the presence of citrate, the bound crystal structure prevails and the free crystal structure is, if at all, present only with a very minor population. Best fitting the 32 RDCs of citrate-free CitAP in solution to the crystal structures of citrate-free CitAP and citrate-bound CitAP resulted in correlation coefficients of 0.91 and 0.94, respectively. These indicate that both crystal structures are compatible with the prevailing structure in solution for the region that is characterized by the common 26 RDCs (see above). The slightly worse fit of the citrate-free crystal structure may well be due to its slightly lower quality compared with the citrate-bound crystal structure. This could be corroborated by fitting the 26 RDCs of citrate-bound CitAP in solution to the citrate-bound and citrate-free crystal structures. The correlation coefficients were 0.96 and 0.89 for citrate-bound CitAP and citrate-free CitAP, respectively. These suggest a lower quality of the citrate-free crystal structure, in agreement with the twinning of the crystals of citrate-free CitAP and the higher number of residues in the additionally and generously allowed regions of the Ramachandran plot (Table  1) . In summary, NMR dipolar couplings demonstrate that the citrate-bound crystal structure prevails in solution. For the citrate-free structure in solution, the structurally stable region (those 26 residues mentioned above) is identical with the crystal structure. For the other residues, the broadening of the resonances beyond detection gives support for the assumption that in solution the free structure exchanges among multiple conformations, which most likely include both the free and bound crystal structures.
It was shown previously that induction of the target genes by CitA/CitB requires not only citrate but also Na + . 9 This feature is physiologically meaningful as both citrate transport and metabolism are also strictly dependent on Na + . 19, 20 Our structures are consistent with a functional connection between citrate and Na + binding to CitAP, as Na + was identified only in the citrate-bound CitAP structure. However, although strongly supported by bond valence calculations, 21 the identity of the Na + modeled in this structure is not absolutely certain. Also, the fact that we could not identify an ordered Na + in the citrate-free form does not strictly exclude the possibility that Na + may be present but disordered. Therefore, further investigations will be necessary to obtain insight into the specific function of Na + for citrate binding by CitA.
Implications for signal-transduction mechanism
The major conformational rearrangement between the citrate-free and citrate-bound structures involves the flexing of the central β-sheet. In the citratebound molecules, the end of the β-sheet is pulled in towards the citrate-binding site, forming tight interactions with the activating ligand. This disrupts a strand-to-strand interaction between S4 and S5 and simultaneously pulls the C-terminus upwards, away from the membrane. Regardless of the exact geometry of the C-terminal attachment, these changes 
. d Five percent of reflections in thin shells were taken as the R free set. e The twin fraction (0.41) was higher than the predicted value (0.2) due to anisotropic data and non-crystallographic symmetry.
are likely to be communicated directly to the TM2 helix (Figs. 6a and b) , causing an immediate transduction of ligand binding into a conformational change at the transmembrane junction.
The observed change occurs in close proximity to the bound ligand and involves multiple strands of the β-sheet. It is therefore unlikely to depend on the exact conformation of the C-terminus, which differs between the two models. In addition, the open minor loop and the extended S4-S5 structure seen in the citrate-free structure are formed in a region that experiences only weak, water-mediated lattice contacts, and the multiple main chain interactions stabilizing the extended structure suggest that it is likely to reflect the pre-signaling conformation of the receptor. In the citrate-bound molecules, the more closed structure of the β-sheet permits direct interaction of the minor loop with the ligand, providing a plausible stereochemical basis for the rearrangement. As a result, the conformational changes observed are likely to reflect distinct functional states associated with signal transduction.
Our attempts to express recombinant full-length CitA were not successful, preventing further biochemical and genetic investigations of the signaltransduction mechanism. However, the contraction of the periplasmic domain of CitA upon ligand binding, as shown in this study, might indeed exert force onto the transmembrane helices. Four basic mechanisms for transducing a signal by transmembrane helices have been proposed: translation, piston-type displacement, rotation parallel to the membrane (pivot movement) and rotation perpendicular to the membrane. [22] [23] [24] Our data presented here do not allow a definite decision as to which of these transduction mechanisms is used by CitA for signal transduction. Nevertheless, the flexing of the CitA sensory domain as shown in the structures presented here is in line with a contraction of the periplasmic domain likely to cause an axial displacement between the first transmembrane α helix and TM2, resulting in piston-type movement. Experimental evidence for the piston model was found for the transmembrane signaling of the aspartate receptor. 25 Such a vectorial movement (Fig. 6b ) could be the trigger of kinase activity for the broad family of sensor kinases that do not employ an auxiliary signaling domain like that found in the LuxPQ system.
Materials and Methods
Protein expression and purification
The cDNA encoding fragment 45-176 of K. pneumoniae CitA (CitAP) was cloned into a modified pET16b vector containing a TEV cleavage site. This construct was transformed into the Escherichia coli strain BL21(DE3). The protein was expressed and purified as previously described. 10 Se-Met-labeled CitAP was overexpressed in minimal media supplemented with selenomethionine according to the European Molecular Biology Laboratory protein expression group †.
15 N-labeled CitAP and 13 Clabeled CitAP were expressed in M9 minimal media with 15 NH 4 Cl and 13 C 6 -D-glucose as the sole nitrogen and carbon sources, respectively.
Crystallization and data collection
Crystals of citrate-bound CitAP were obtained using the hanging drop vapor diffusion method by mixing 1. Citrate-bound and citrate-free crystals were cryoprotected by transferring them into their respective reservoir solutions supplemented with 30% glycerol prior to freezing them in liquid nitrogen. Three data sets (peak, inflection and low-energy remote) were collected for SeMet-derivatized citrate-bound CitAP, and one native data set was collected for citrate-free CitAP at DESY Hamburg (BW6; MarCCD detector). All data were processed using HKL2000, 26 and the space group and data statistics were determined by XPREP (Bruker AXS, Madison, WI). Statistics for data collection and processing are summarized in Table 1 .
Structure determination and refinement
Se-Met crystals grown in the presence of citrate crystallized in space group P2 1 2 1 2 1 , with two molecules per asymmetric unit. The structure was solved by MAD: normalized difference structure factors were calculated using SHELXC, the substructure was solved using SHELXD 27 and phase extension and density modification were carried out using SHELXE. 28 The initial map was excellent, with a mean phase error of 18.1°and a map correlation coefficient of 93.8% (Figs. 1e and f) . Fifty cycles of automatic model building alternating with structure refinement by ARP/ wARP 29 resulted in modeling of 94% of the residues. Refinement was performed by positional and B-factor refinement in REFMAC5 30 alternating with manual model building in Coot, 31 followed by ARP solvent building. The occupancies of selenium atoms were refined using SHELXL 32 (Table 1) . Crystals grown without adding citrate crystallized in space group I4, with two molecules in the asymmetric unit. Se-Met crystals had a very high mosaicity of 2.2, which made the solution of the structure by MAD or single-wavelength anomalous dispersion difficult. Therefore, the structure was solved by molecular replacement using the program PHASER. 33 Our structure of the citrate-bound CitAP, without the minor loop (99-104) and major loop (68-90) residues, was used as search model. The structure solved with a Z-score of 34 and a loglikelihood gain of 1237.62. Subsequent rigid body refinement with REFMAC5 resulted in high R (42.3) and R free (43.8) values. Analysis of the data using the Yeates-Fam twinning server ‡ suggested a twin fraction of about 0.2 with the twin law, 010 100 00-1. After an initial rigid body refinement in REFMAC5, 30 more residues could be traced using a bias-minimized map generated by prime and switch phasing in RESOLVE. 34 A composite omit map calculated using simulated annealing in Crystallography & NMR System (CNS) 35 was used for building all minor loop residues and some of the major loop residues. The model was further refined using the twin refinement protocol in CNS by simulated annealing using torsion angle dynamics and energy minimization. As the twin fraction cannot be refined in CNS, the refinement was continued using the twin refinement protocol in SHELXL with an initial twin fraction of 0.2 alternating with model building in Coot (Table 1) . Finally, the structure was refined with a beta-test version of the program PHENIX.REFINE, 36 which can also now handle such twins and had the advantage over SHELXL that the side chain torsion angles could be restrained. Inspection of the Ramachandran backbone dihedral angles in citrate-free CitAP structure revealed a generously allowed backbone conformation for the minor loop residue Ser101 that is involved in citrate binding. This finding is in line with the more frequent occurrence of disallowed residues at ligand-binding sites. 37 Therefore, this generously allowed residue was not removed from the model of citrate-free CitAP.
NMR spectroscopy
About 1 mM
15 N, 13 C-labeled CitAP was used for NMR measurements. The protein sample was at pH 6.0, in 50 mM sodium phosphate buffer. All experiments were † http://www.embl-heidelberg.de/ ‡ http://www.doe-mbi.ucla.edu/Services/Twinning/ recorded on Bruker Avance 900-and 600-MHz spectrometers equipped with cryoprobes. The temperature was set to 310 K. For backbone assignments of citrate-free CitAP, the following experiments were performed: threedimensional HNCO, three-dimensional HNCA, threedimensional HNCACB, three-dimensional 13 C and 15 N NOE spectroscopy-HSQC (mixing time, 120 ms) and three-dimensional CBCACONH. 38 1 H-15 N NOE experiments were recorded with 5-s recycling delay. 39 A 10-fold excess of sodium citrate was added to the protein to obtain citrate-bound CitAP. For backbone assignments of citrate-bound CitAP, the above experiments for citratefree CitAP were repeated. Data were processed using NMRPipe 40 Citrate-free and citrate-bound CitAP samples were aligned separately in filamentous bacterial phages (Pf1). 41 The concentration of Pf1 phage in the citrate-free CitAP sample was 10 mg/ml, while that in the citrate-bound CitAP was 12 mg/ml. 1 D NH couplings for the citrate-bound CitAP sample were measured using an in-phase/antiphase HSQC experiment. 42 The 1 D NH RDCs were used for comparison of RDCs back-calculated from X-ray structures using the singular value decomposition method as implemented in the program PALES. 43 Inclusion of the 1 D NCO RDCs did not significantly change the correlation coefficients between experimental and back-calculated RDCs.
Protein Data Bank accession codes
Coordinates and structure factors have been deposited in the Protein Data Bank with accession codes 2J80 and 2V9A.
